The clam R. decussatus is a suspension-feeding bivalve mollusc widely distributed in European and Mediterranean coastal waters. Due to its economic importance it is extensively cultured in many countries, and particularly in Portugal where its production represents > 80 % of total shellfish production. The selection of the clam R. decussatus as a bioindicator was a consequence of its economic importance and the need to use a filter-feeding bivalve to evaluate environmental changes of metal concentrations [1] .
Introduction
The clam R. decussatus is a suspension-feeding bivalve mollusc widely distributed in European and Mediterranean coastal waters. Due to its economic importance it is extensively cultured in many countries, and particularly in Portugal where its production represents > 80 % of total shellfish production. The selection of the clam R. decussatus as a bioindicator was a consequence of its economic importance and the need to use a filter-feeding bivalve to evaluate environmental changes of metal concentrations [1] .
Like many other bivalves, this species resides in sediments and accumulates metal concentrations reflecting gradients of metal contamination in the surrounding environment [2, 3, 4] . This suggests that its tissues have mechanisms, related to its filter-feeding habit, that inhibit the toxic effects of these contaminants.
Like many other molluscs R. decussatus has evolved a number of subcellular systems for accumulation, regulation and immobilization of metals. These include, among others, the binding of essential and pollutant metals to soluble ligands such as MT. These two-domain molecules are low molecular, heat-stable proteins of non-enzymatic nature that occur mainly in the cytoplasm. They have strong affinity to class B metal cations which enable them to be differentiated from most of the other proteins [5] . The induction of these proteins has, therefore, been proposed as a specific indicator and possible "early warning marker" for the detection of detrimental effects caused by exposure to excess of essential and pollutant metals.
MT induction has been detected in the whole soft tissues, gills, digestive gland and remaining tissues of the clam R. decussatus after exposure to essential and toxic metals [4, 6] and this paper represents an overview of MT function in this bivalve species.
MT induction in laboratory experiments
Several laboratory experiments have been carried out to assess MT induction in R. decussatus exposed to sublethal concentrations of cadmium (100 and 400 µg/l), copper (75 µg/l) and lindane (34.5 µg/l) [4, 7, 6, 8] .
Chromatographic elution profiles of the heat-treated cytosol of the whole soft tissues of unexposed clams revealed that cadmium in this pool (> 80 % of total Cd) was distributed between two cadmium-binding proteins of a molecular weight of around 10,000 and 20,000 Da, respectively, that increased with Cd accumulation. Similarly an increase in the -SH containing proteins (by 70 % compared with unexposed clams), based on differential pulse polarography The clam Ruditapes decussatus is a suspensionfeeding bivalve mollusc widely distributed in European waters and in the Mediterranean. Due to its economic importance it is heavily harvested in many countries, and particularly in Portugal. Its ability to accumulate high metal concentrations along with its economic importance was the main reason for its selection as a bioindicator. Metallothionein (MT) concentrations in the clams R. decussatus followed by gel filtration chromatography, differential pulse polarography and SDS-PAGE, after Cd exposure, revealed that MT is induced in different tissues (whole soft tissues, gills, digestive gland and remaining tissues) but the level of MT induction is tissue dependent. MT from the gills and the digestive gland give a more sensitive response to assess the effects of metal exposure directly from the water or from the food than in the whole soft tissues. MT levels were also measured in the gills, digestive gland and remaining tissues of R. decussatus collected in the Ria Formosa lagoon (Portugal) from areas of different metal load and during the period of sexual differentiation of the clam. Data revealed that there were significant differences of MT concentrations among sites and season but not among sex. Purification of MT from the digestive gland of R. decussatus revealed four MT isoforms. The molecular weight of one of these isoforms, determined by SDS-PAGE, was of the same order of magnitude as that of MT from other bivalve species. Similarly the amino acid sequence of the β domain of the MT of the digestive gland of the clam also shows some degree of similarity with the similar MT sequence from mussels and oysters. It is, therefore suggested that there is some degree of similarity in the MT structure among these species. [9] , was related to the increase in Cd levels. Therefore Cd in the heat-treated cytosol of the whole soft tissues of R. decussatus is principally bound to MT [4] .
MT concentrations, determined by differential pulse polarography [9] in the heat-treated cytosol of unexposed clams (2.05 ± 0.41 mg.g -1 dw, Tab. I) are similar to the basal levels of MT proposed for marine bivalves (2 mg.g -1 dw) [5] . However, de novo MT production in the whole soft tissues of Cd-exposed clams, although significant at times, was relatively low, in contrast with a 3-to 4-fold MT induction observed in the mussels Mytilus edulis and Mytilus galloprovincialis exposed to the same Cd concentrations [10, 11] . Therefore the whole soft tissues were considered unsuitable for following the effects of sublethal Cd contamination in the environment [4] .
The gills function both as a site of metal uptake and as an important reservoir for metal storage and for Cd in R. decussatus are the major site of accumulation, at least initially, though subsequent transport to and from the digestive gland seems likely [4, 7] . As in whole soft tissues, MT in the gills is the major Cd-binding component (binding > 80 % of total body Cd in contaminated species and 45 % unexposed clams). Characteristically, 84 % of the -SH groups (major Cd-binding sites) in the heat-treated cytosol were associated with MT compared with 65 % in the gills of unexposed clams.
MT concentrations determined in selected tissues of unexposed clams (Tab. I) revealed that MT concentrations ranked from digestive gland>remaining tissues>gills>. In unexposed R. decussatus under-saturation with Cd in the MT pool was evident for all tissues. After exposure to Cd (100 and 400 µg/l for 40 days) there was a significant net increase in MT concentrations in all tissues but the sequence of MT concentrations among tissues remained unchanged [4, 7] .
MT concentrations in the gills of unexposed clams (1.03 ± 0.22 mg.g -1 dw) are of the same order of magnitude as the whole soft tissues. After 40 days of Cd (100 µg/l) exposure, MT was synthesised in the gills of Cd exposed clams at net MT rate of 0.04 mg.g -1 d -1 and increased fourfold during that time (Fig. 1 ). However this rate is four-fold less than that in the gills of the mussel M. galloprovincialis exposed to the same Cd concentration over the same period of time [1] .
After depuration MT concentrations in the different tissues of the clams decreased to levels slightly higher than those of unexposed clams suggesting that protein turnover although different in the three tissues was faster than Cd [7] . However, MT levels in the gills were still 2-fold higher than basal levels at the end of the depuration period suggesting that MT are involved in the accumulation and elimination of Cd from the other tissues [7] .
Roméo and Gnassia-Barelli [6] , using a fluorometric method, observed that MT concentrations in the gills of R. decussatus exposed to 250 µg Cd.l -1 for 7 days (45 ± 1 µg.g -1 ww) were not different from control gills (42 ± 1 µg.g -1 ww). This negligible increase in MT concentrations in the gills of the clams was possibly due to limited period of exposure and indicates that at the beginning of the treatment, Cd might be associated with existing soluble proteins, such as MT. Subsequently Cd was displaced to other tissues or to the particulate fraction or accumulated in intracellular granules [6] . However MT induction in the gills of R. decussatus was observed after exposure to 75 µg Cu.l -1 for 7 days (58 ± 6 µg.g -1 ww) confirming the monitoring potential of R. decussatus in the gills for the evaluation of the effect of dissolved and particulate metals in the environment [6] .
The greater induction of MT in the gills, when compared with the other tissues suggests that MT in this tissue is involved in detoxification and elimination of Cd. The determination of MT concentrations in the gills of the clams seems, therefore, preferable [4, 7] . Analysis of other body components of the clams revealed that metals are predominantly localised in the digestive gland [12, 4, 7, 6] . MT concentrations in this tissue of unexposed clams (2.45 ± 0.38 mg.g -1 dw) was two-fold higher than that of the gills. In Cd exposed clams, however, MT binds only 70 % of the Cd in the digestive gland compared with 84 % in the digestive gland of unexposed clams. Nevertheless an increase was observed in MT in the digestive gland of Cd exposed clams reaching 3-fold after 40 days of Cd (100 µg/l) exposure (Fig. 1) .
When the source of contamination stopped MT levels in the digestive gland also decreased, as in the gills, but MT levels after 50 days although significantly different from MT in the digestive gland of unexposed clams, were much lower than that of the gills (Fig. 1) .
When R. decussatus were exposed to Cu (75 µg/l) or to lindane (34.5 µg/l), separately or in combination, MT levels in the clam digestive gland (0.52 ± 0.17 mg.g -1 ww), determined by differential pulse polarography, did not change significantly (0.62 ± 0.13 -Cu, 0.53 ± 0.16 -lindane, 0.42 ± 0.07 Cu+lindane mg.g -1 ww). Therefore it was observed that the increase in Cu in the soluble fraction was not correlated with MT concentrations [8] . Cu was also shown to increase the lipid peroxidation of membranes in the digestive gland of R. decussatus. This toxic phenomenon may facilitate Cu precipitation so that less Cu is available for MT induction. Lindane does not appear to have any effect on MT induction [13] .
MT concentrations in clams from the field
MT concentrations were measured, by differential pulse polarography, in the heat-treated cytosol of the gills, digestive gland and remaining tissues of R. decussatus sampled over a period of one year (1994). Clams were collected, every two months, from two zones with different metal loads in the Ria Formosa lagoon in the south coast of Portugal (Fig. 2) . The variation of MT concentrations in the gills, digestive gland and remaining tissues from clams from these two sites are presented in figure 2. MT distribution among the different tissues was similar to that observed in the laboratory experiments, with the highest MT levels occuring in the digestive gland, followed by the gills and remaining tissues. MT concentrations in the three tissues were significantly different between sites reflecting the different metal load (highest at Faro) [14] . Similarly a seasonal variation was observed in MT concentrations in the three tissues with higher MT levels found in summer and winter (p < 0.05).
Once the highest MT levels in this species was established to be those of the digestive gland, MT variation in this tissue of R. decussatus was followed in a natural population during a period of 4 months (from June to September 1997) to evaluate the effect of sex on MT levels. This period corresponded, in this species, to the period of sexual differentiation. MT levels were determined in the digestive gland from the site A in the Ria Formosa lagoon (Portugal) between June and September in males and females and data is presented in figure 3 . As can be seen there is no significant difference of MT levels between males and females during the period of sexual differentiation. However, MT levels in both sexes showed seasonal variation with MT levels in August (14.4 ± 0.9 nmol.g -1 and 17.5 ± 3.8 mol.g -1 for males and females, respectively) that were significantly different from the other months (p < 0.05). Similarly, high Cd and Cu levels were found in August while Zn did not show any seasonal variation [21] . Data revealed that sex did not affect MT concentrations in this species and in this marine ecosystem.
To evaluate the efficiency of MT as a biomarker a similar study was carried out along the Tunisian coast using the same species. MT and metal levels in the subcellular fractions of R. decussatus digestive gland were determined in a natural population of the golf of Gabès (Tunisia) during the same four month period (June to September) to evaluate metal pollution and the effects of biotic (sex, size and reproductive state) parameters on MT levels. Mean MT concentrations in the digestive gland of R. decussatus from the Tunisian population, determined by differential pulse polarography (3.4 mg.g -1 ww) was of the same order of magnitude as that of the same tissue of the Portuguese clam population [22] (Fig. 1) . The effect of size and reproductive effects on MT levels were less perceptible in males than in females. Data suggested that other factors than metal contamination affect MT synthesis in this species. Therefore Hamza-Chaffai et al. [22] proposed that MT levels in the digestive gland of males should be used as suitable biomarker for detecting metal contamination due to its high condition index and low MT variability linked with size and spawning period. Uniformely-sized organisms should be used in order to avoid, as far as possible, size effects.
MT characterization in the digestive gland of R. decussatus
MT in the digestive gland of Cd exposed (100 µg/l) R. decussatus was further characterised, after purification, by gel-permeation and ion-exchange chromatography. A molecular weight of 13,700 Da was obtained for MT by gel filtration chromatography, similar to the MT molecular weight determined for other mollusc species with the same method [5] . The molecular weight determined on calibrated gel SDS/Page electrophoresis was 7328 Da that is also similar to the molecular weight of MT in the mussel Mytilus edulis (7,740 [15] ) and Crassostrea virginica (7,318 [16] ).
Four MT isoforms were separated by ion-exchange chromatography followed by HPLC in the digestive gland of R. decussatus. They all had high Cd content and UV spectra indicative of the presence of characteristic Cd-thiolate complexes and low aromatic content. Two of these MT isoforms were purified, characterised and the amino acid of the NH 2 -terminal sequenced (Tab. II). The sequence of the NH 2 -terminal, that corresponded to the β domain of the protein, revealed the absence of methionine which is consistent with other non-mammalian MTs. From the sequence of the NH 2 -terminal and its chemical characteristics of the two isoforms the MTs in the clam digestive gland can be classified as a class I MT. For the other two isoforms isolated, one was sligtly contaminated and the other had the NH 2 -terminal blocked. [17] . These isoforms are due to polimorphism within this clam population and revealed a similarity with other MT mollusc species, the mussel Mytilus edulis where at least nine isoforms were detected [18] and the oyster Crassostrea virginica [19, 16] . A comparison between the sequence of R. decussatus MT NH 2 -terminal from the digestive gland with the sequence of MT from other mollusc species reported in the literature showed a higher degree of similarity with the oyster Crassostrea virginica MT NH 2 -terminal (52 % identity) [16] .
However, despite partial sequencing the function of MT in the digestive gland remains unclear. Suggested possibilities for the various isoforms include different specificity of the promotor region of the gene [20] , different metal-binding affinities [23] or simply the need for a large number of copies to facilitate a rapid response when necessary.
